Background. Clinical 
Methods and Results. In canine carotid arteries perfused with physiological salt solution, pressures at the proximal and distal ends of the artery, as well as flow, were continuously recorded. We altered intraluminal pressure using three diverse interventions: changes in perfusion pressure, decreasing distal resistance, and collaterals. In normal, nonstenotic arteries, NE decreased the external vessel diameter but did not reduce flow. Perfusion pressure changes did not affect the EDSO of the NE-diameter relation. After an intraluminal stenosis was created, NE-induced constriction decreased flow. The threshold concentration of NE needed to decrease flow decreased as the perfusion pressure decreased (38.5+17.9, 2.3+1.3, and 0.12±0.1X10-7 mol/l for 125, 100, and 75 mm Hg of perfusion pressure, respectively; p<O0.05). Lowering distal resistance decreased stenotic pressure and decreased the threshold NE concentration from 5.4±+1.9 to 0.34+0.2x10-7 molI1 (p<0.05), and increasing stenotic pressure with collaterals increased the threshold NE concentration from 2.6±1.4 to 7.5±4.6x10-`mol/l (p<0.05).
Conclusions. In stenotic arteries, interventions that lowered the intraluminal pressure decreased the threshold NE concentration needed to decrease flow, and interventions that raised the intraluminal pressure increased the threshold NE concentration. This pressure-dependent constrictor sensitivity affects the vasomotor tone and is important in pathophysiology of ischemia occurring with hypotension (low perfusion pressure) or mild increase in myocardial oxygen demand (low distal arteriolar resistance). The (Figure 1 ) also provided perfusion flow rates and was calibrated by timed collections with a graduated cylinder.
In every experiment, a constant perfusion pressure (100 mm Hg) was applied initially to the arterial segment, and the artery was allowed to stabilize for 2 hours. The 22 experiments were divided randomly into three groups. NE doseresponse relations were determined at three levels of perfusion pressure ( mol/1) was required to cause a significant reduction in distal pressure and flow. In Figure 3c , the perfusion pressure was set to 125 mm Hg. At this level of
w a nonstenotic artery, the hemodynamic variables (distal pressure and flow) were unaltered by NE-induced vasoconstriction. Table 1 summarizes the dimensional data for the nonstenotic arteries. Increasing the perfusion pressure increased the initial diameters and decreased the magnitude of diameter shortening induced by NE, and decreasing the perfusion pressure decreased the initial diameters and increased the magnitude of diameter shortening induced by NE. However, changing the perfusion pressure did not affect the ED50.
For a stenotic artery, Figure 3 shows the typical hemodynamic responses to vasoconstriction at three different levels of perfusion pressure. In Figure 3A , the arterial segment was perfused at 75 mm Hg. NE was added incrementally to the perfusate. At an NE concentration of 10`8 mol/l, the distal pressure,which is almost identical to the pressure within the stenoSiS,13 began to decrease. The next incremental concentration of NE (3.16 x 108 mol/1) resulted in a large decrease in distal pressure and near total cessation of flow. This is very typical of stenotic vasoconstriction responses; most of the response occurs with one incremental dose of agonist.8,11'13 Figure 3B shows the same artery perfused at 100 mm Hg. At this perfusion pressure, the control distal pressure and flow increased, and the pressure gradient across the artery decreased. As in previous studies for a dynamic stenosis, the pressure gradient decreased as the perfusion pressure increased. Figure 4A , NE was added incrementally to the perfustte. At an NE concentration of 10m ol/l, distal pressure and flow decreased. In Figure  4B , the distal resistance was lowered. This Figure 5 shows the typical effects of "collateral" flow on the stenotic responses. In Figure SA , the artery was perfused at 100 mm Hg without any collateral flow distal to the stenosis. NE was added incrementally to the perfusate. At an NE concentration of 10-8 mol/l, flow and distal pressure decreased. In Figure SB , collateral flow was added distal to the stenosis (see Figure 1) . As a result, distal pressure increased and pressure gradient across the arterial segment decreased. Because of collateral flow, the flow throughout the arterial segment decreased. NE was then added incrementally to the perfusate of both reservoirs. In the presence of collateral flow, a higher NE concentration (10-7 mol/l) was required to decrease flow and distal pressure. Table 2 summarizes the hemodynamic responses in the stenotic arteries. It shows the initial and final (after NE-induced constriction) values for distal pressure, flow, and stenotic resistance and the threshold concentration of NE needed to reduce flow. As expected, the three experimental conditions altered the initial distal pressure and flow. Lowering the perfusion pressure decreased the initial distal pressure and flow. The distal pressure decrease was proportionally greater than the flow decrease, however, resulting in an increase in stenotic resistance. Lowering distal resistance decreased the distal pressure, increased the flow through the arterial segment, and increased the stenotic resistance. In the presence of collaterals, the pressure gradient across the artery and stenotic resistance decreased. Flow through the vessel decreased slightly. The collaterals helped to maintain the intraluminal stenotic pressure and increased the initial distal pressure.
For all three protocols, NE-induced constriction decreased the distal pressure and flow and increased the stenotic resistance. Also, the threshold NE concentration needed to decrease flow was related to perfusion pressure. Decreasing the perfusion pressure from 125 to 100 mm Hg caused a 17-fold decrease in the threshold NE concentration, and decreasing perfusion pressure from 100 to 75 mm Hg caused a 19-fold decrease in threshold NE concentration, for a total 320-fold change. Lowering distal resistance caused a 16-fold change in the threshold NE concentration. Collaterals prevented a large distal pressure decrease with NE-induced constriction and caused a threefold increase in threshold NE concentration. Figure 6 combines the data from all three experimental protocols. This figure plots the changes in initial distal pressure from control value versus the log of threshold NE concentration intervention/control ratio. For example, in Figure 4b, In contrast, in stenotic arteries, changing stenotic pressure altered the hemodynamic response to NE. Increasing the perfusion pressure or adding collaterals increased the stenotic intraluminal pressure, and decreasing the perfusion pressure or decreasing distal resistance decreased the stenotic intraluminal pressure. Interventions that raised stenotic pressure increased the threshold concentration of NE required to reduce flow, and interventions that lowered stenotic pressure decreased the threshold concentration of NE dose-flow response. This is the first study to demonstrate that pressure alters the hemodynamic responses to a constrictor in stenotic arteries, a phenomenon that does not occur in normal arteries. Mechanism Figure 7 shows the pattern of constriction that, we believe, occurs within normal and stenotic coronary arteries. Figure 7 presents the pressure-diameter relation for a dilated and constricted coronary artery.' The force opposing arterial constriction is the intraluminal pressure. In normal (nonstenotic) arteries, this pressure is the systemic arterial pressure, which is relatively constant. Localized contraction does not change systemic pressure. We believe that this is the reason why changing the perfusion pressure did not affect the ED50 of the NE dose-diameter relation.
Within a stenosis, the pressure is initially less than systemic pressure, which by itself results in greater shortening for any given amount of agonist.1 More importantly, local vasoconstriction further decreases this pressure.8 Thus, in a stenotic artery, as the artery begins to shorten, the stenotic pressure opposing vasoconstriction decreases dramatically. This decrease in stenotic pressure leads to further diameter shortening with a resulting decrease in cross-sectional area and stenotic pressure: a positive feedback mechanism. 8 For this positive feedback mechanism to occur, the vessel must first shorten. For this initial shortening, the vessel must exceed its afterload, which is determined primarily by its intraluminal pressure. Thus, anything that decreases intraluminal pressure will cause abrupt flow decreases to occur at lower concentrations of a vasoconstrictor, whereas interventions that increase intraluminal pressure will delay or prevent these flow decreases. We believe that this attenuated shortening with higher intraluminal pressure and augmented shortening with lower pressure caused the observed change in threshold NE concentration.
Comparison With Literature
In a previous study, Li et al8 showed that stenotic pressure changes exaggerated constriction within an arterial stenosis. Diameters proximal to and within an arterial stenosis were measured by quantitative angiographic techniques. For the same vasoconstriction stimulus, the stenotic diameter changes were significantly greater than the proximal diameter changes. Furthermore, stenotic diameter changes were significantly related to stenotic pressure changes, whereas proximal diameter changes were unrelated to stenotic hemodynamics. Li et al, by holding the intraluminal pressure constant, verified that the accentuated vasoconstriction was a result of intraluminal pressure changes. When the stenotic pressure was held constant, the constriction responses in the proximal and stenotic diameters were similar. Thus, maintaining the stenotic pressure constant eliminated the accentuated vasoconstriction.8
In another study, we compared the response to denudation in isolated arterial rings and in stenotic arteries. In isolated arterial rings, denudation increased the maximal isometric tension but did not change the sensitivity to serotonin. In contrast, in stenotic arteries, denudation increased the sensitivity to serotonin. Since this change in sensitivity did not occur in isolated arterial rings, the change in sensitivity did not occur at the cellular level. Thus, in stenotic arteries, this augmented contraction presented itself as an apparent increase in the sensitivity to serotonin, similar to the results of the present study.14
Clinical Implications
Effects ofarterial bloodpressure. In stenotic coronary arteries, a substantial reduction in intraluminal pressure occurs even with normal levels of aortic pressure. Lowering aortic pressure causes a further decrease in the stenotic pressure. As described in this paper, this decrease in pressure would decrease the threshold vasoconstrictor concentration and might cause ischemia. In our review of the literature, all the experimental studies showed that lowering arterial blood pressure can have detrimental effects on coronary blood flow and myocardial performance.9 '10 15-19 The clinical studies showed that in patients with severe coronary artery disease undergoing cardiovascular surgery, the majority of perioperative ischemic events were temporally related to hemodynamic disturbances. In these studies, up to 25% of perioperative myocardial ischemic events were preceded by a fall in arterial blood pressure greater than 20%, and hypotension was as important a cause of ischemia as hypertension or tachycardia. [20] [21] [22] [23] Effects oflow distal resistance. Clinical interventions that lower distal arteriolar resistance decrease stenotic intraluminal pressure and can decrease the threshold vasoconstrictor concentration. Large coronary arteries are under tonic vasomotor tone, and decreasing intraluminal pressure could accentuate this tone. Consistent with these ideas, Stone24 has speculated that a combination of increased myocardial oxygen demands (decreased distal arteriolar resistance) and increased vasomotor tone might explain the high incidence of myocardial ischemia upon awakening. The results of this present study would suggest that these two components may act synergistically rather than just additively. Lowering the distal resistance decreased the stenotic intraluminal pressure. This decrease in pressure, in turn, decreased the threshold vasoconstrictor concentration.
Arteriolar-type vasodilators (e.g., dipyridamole, adenosine) decrease arteriolar resistance in both peripheral and coronary beds. Lowering peripheral arteriolar resistance decreases systemic arterial pressure and therefore stenotic intraluminal pressure. In addition, lowering coronary arteriolar resistance further lowers the stenotic intraluminal pressure. This decrease in stenotic intraluminal pressure could accentuate the coronary vasomotor tone and, in addition to coronary steal, could induce myocardial ischemia. Thus, arteriolar vasodilators, rather than being beneficial, are clinically used in radionuclide imaging to detect potentially ischemic regions.
Effects of collaterals. In the presence of coronary stenosis, collateral vessels provide flow distal to stenosis and can thereby prevent ischemia. However, with increased myocardial oxygen demands in the normal region, shunting of blood away from the collaterals occurs, which can lead to ischemia (coronary steal). Although these ideas are well established, the importance of collaterals in maintaining intraluminal pressure has received less attention. In an experimental study, Schwartz et a125 showed that eliminating collateral flow decreased the pressure within the stenosis. This pressure decrease caused the stenosis to collapse, leading to a large flow decrease through the stenotic artery. Thus, collaterals help to maintain pressure within the stenosis, and this increase in intraluminal pressure would increase the threshold vasoconstrictor concentration and may help prevent acute vessel closure.
Critique of Method
As mentioned above, most coronary artery stenoses (75%) are capable of vasomotion. Thus, to examine the effects of vasodilators and vasoconstrictors on stenotic hemodynamics, a stenosis capable of vasomotion must be used. The most commonly used experimental stenosis is an external snare. However, an external snare is totally nonresponsive to vasoconstriction by the stenosis. 26 The intraluminal stenosis provides the only acute experimental stenotic model that will respond to vasoconstriction and to vasodilation. In previous studies from our laboratory, we directly compared the hemodynamic responses to vasoconstriction and to intraluminal pressure changes obtained with the intraluminal balloon with the responses observed in human stenotic arteries.11,27 Both qualitatively and quantitatively, the responses were similar. We also examined the endothelium. Scanning electron microscopy showed only minimal endothelial damage, and normal vasodilation responses to acetylcholine were obtained.14 We did not directly measure pressure within the stenosis. In a previous study, we directly measured the pressure within the stenosis13 and observed that the stenotic pressure was almost identical to the distal pressure. There was little, if any, pressure recovery distal to the stenosis.
Since the intraluminal stenosis is the only acute experimental stenosis capable of vasomotion, we used an intraluminal stenosis in these studies. Obviously, care should be taken when experimental data are extrapolated to the clinical situation.
